The present study investigated the role of ROS (reactive oxygen species) and COX (cyclooxygenase) in ethanol-induced contraction and elevation of [Ca 2+ ] i (intracellular [Ca 2+ ]). Vascular reactivity experiments, using standard muscle bath procedures, showed that ethanol (1-800 mmol/l) induced contraction in endothelium-intact (EC 50 − and H 2 O 2 . Ethanol induced a transient increase in [Ca 2+ ] i , which was significantly inhibited in VSMCs pre-exposed to tiron or indomethacin. Our data suggest that ethanol induces vasoconstriction via redox-sensitive and COX-dependent pathways, probably through direct effects on ROS production and Ca 2+ signalling. These findings identify putative molecular mechanisms whereby ethanol, at high concentrations, influences vascular reactivity. Whether similar phenomena occur in vivo at lower concentrations of ethanol remains unclear.
INTRODUCTION
Several studies in animals and humans have demonstrated that ethanol consumption is associated with cardiovascular pathologies such as hypertension [1] [2] [3] . In fact, ethanol can evoke direct contractile responses in different blood vessels [4] [5] [6] . However, the molecular mechanisms and possible mediators underlying this response are elusive. The initiation of contraction induced by ethanol in VSMCs (vascular smooth muscle cells) is believed to derive from the increase in free [Ca 2+ ] i (intracellular Ca   2+ concentration), which is critically involved in ethanolinduced VSMC contraction [5] [6] [7] . Voltage-operated Ca 2+ channel blockers, such as verapamil, attenuate ethanolinduced vasoconstriction, supporting the role of Ca 2+ in ethanol-mediated contraction [4] .
All types of vascular cells produce O 2 − (superoxide anion) and H 2 O 2 , two of the most important ROS (reactive oxygen species) in the vessel wall [8, 9] . Ethanol induces oxidative stress in rat tissues [10, 11] , which is associated with enhanced production of ROS. In vascular tissues, ethanol-mediated generation of O 2 − and H 2 O 2 is associated with elevations in [Ca 2+ ] i and vasoconstriction. These effects are blunted by catalase or antioxidants such as vitamin E [12] [13] [14] .
H 2 O 2 is produced mainly from dismutation of O 2 − , and this reaction can be spontaneous, or it can be catalysed by SOD (superoxide dismutase) [9] . Several studies have demonstrated that H 2 O 2 -induced contraction is mediated by a product of the COX (cyclo-oxygenase) pathway, which is probably TXA 2 (thromboxane A 2 ) [15, 16] . Interestingly, TXA 2 levels in isolated rat aortic rings increase in a concentration-dependent manner after incubation with different concentrations of ethanol [17] . However, whether ethanol-induced contraction and rapid elevations in [Ca 2+ ] i modulated by ROS in VSMCs are linked to COX, which has been implicated in TXA 2 actions in the vasculature, remains to be determined.
Based on the above observations, we hypothesized that contractile effects of ethanol involve generation of ROS and activation of the COX pathway. To test this hypothesis, we investigated the role of ROS, COX downstream mediators and elevation in [Ca 2+ ] i , in ethanol-induced contraction. Our study provides molecular insights into mechanisms underlying acute contractile responses caused by ethanol. The present study focused on the pharmacological vascular properties of ethanol in isolated vessels and may not necessarily represent processes that occur in vivo.
MATERIALS AND METHODS

Vascular reactivity studies
Male Wistar rats weighting between 200 and 250 g (50-60-days old) were anaesthetized and killed by aortic exsanguination in accordance with standards and policies of the University of São Paulo's Animal Care and Use Committee.
The thoracic aorta was quickly removed, cleaned of adherent connective tissues and cut into 5 mm-length rings. Two stainless-steel stirrups were passed through the lumen of each ring. One stirrup was connected to an isometric force transducer (TRI201, Panlab, Spain) to measure tension in the vessels. Rings were placed in 5-ml organ chambers containing Krebs solution, pH 7.4, gassed with 95%O 2 /5%CO 2 and maintained at 37
• C. The composition of Krebs solution was as follows (mmol/l): NaCl, 118.0; KCl, 4.7; KH 2 PO 4 , 1.2; MgSO 4 , 1.2; NaHCO 3 , 15.0; glucose, 5.5; CaCl 2 , 2.5. Rings were stretched until a basal tension of 1.5 g, which was determined by length-tension relationship experiments, and then were allowed to equilibrate for 60 min with the bath fluid being changed every 15-20 min. In some rings, endothelium was removed mechanically by gently rolling the lumen of the vessel on a thin wire. Endothelial integrity was assessed qualitatively by the degree of relaxation induced by acetylcholine (1 μmol/l) in the presence of contractile tone induced by phenylephrine (0.1 μmol/l). For studies of endothelium-intact vessels, the ring was discarded if relaxation with acetylcholine was not 80 % or greater. For studies of endothelium-denuded vessels, the rings were discarded if there was any degree of relaxation.
Effects of ethanol on vascular reactivity
To verify the contractile effect of ethanol, cumulative concentration-response curves for ethanol (1-800 mmol/l) were obtained in endothelium-intact and -denuded rings. The concentration of ethanol used in the present investigation was based on previous studies in different types of blood vessels [5, 6, 14, 18] . In the present work, we used concentrations of ethanol higher then those described in the bloodstream of humans (50-200 mmol/l) [19] or rats (20-45 mmol/l) [1, 2, 20] after ethanol ingestion. This procedure was adopted in order to induce an increase in tension that would allow for the investigation of putative mechanisms underlying contractile actions of ethanol. For comparison, the effect of phenylephrine (10 nmol/l to 10 μmol/l), a selective agonist for α 1 receptors, was also evaluated in endothelium-intact and -denuded rings.
In order to investigate the possible mechanism(s) responsible for ethanol-induced contraction, endothelium-intact or denuded rings were contracted with ethanol (1-800 mmol/l) 30 min after being incubated with one of the following drugs: l-NAME [N G -nitro-larginine methyl ester; non-selective NOS ( 
Cell culture
VSMCs from aorta of Wistar-Kyoto rats were examined. Cells were maintained in DMEM (Dulbecco's modified Eagle's medium) containing 10 % FBS (fetal bovine serum). Low-passage cells (passages 2-7) were studied.
The study was approved by the Animal Ethics Committee of the University of Ottawa and performed according to recommendations of the Canadian Council for Animal Care. Adult male Wistar-Kyoto rats were killed by decapitation. VSMCs derived from aorta were isolated and characterized as described in detail previously [21] . In brief, arteries were cleaned of adipose and connective tissue, and VSMCs were dissociated by digestion of vascular arcades with enzymatic solution (collagenase, elastase, soybean trypsin inhibitor and BSA type I; 60 min, 37
• C). The tissue was filtered and the cell suspension centrifuged and resuspended in DMEM containing 10 % fetal calf serum, 2 mmol/l glutamine, 20 mmol/l Hepes (pH 7.4) and antibiotics. At subconfluence, the culture medium was replaced with serum-free medium for 24 h to render the cells quiescent. Low-passage cells (passages 4-7), from at least four different primary cell cultures, were used in the experiments.
Detection of O 2 − in VSMCs by lucigenin chemiluminescence
The lucigenin-derived chemiluminescence assay was used to determine O 2 − generation in response to ethanol (100 mmol/l). VSMCs were stimulated with ethanol for 0.5, 2, 5 or 10 min. Superoxide production was measured with the use of lucigenin-enhanced chemiluminescence. 
ROS detection in intact cells
To assay for ROS generation, cell permeant CM-H2DCFDA (2 ,7 dichlorodihydrofluorescein diacetate; Molecular Probes) was employed. Growth-arrested VSMCs were stimulated with 100 mmol/l ethanol for 5 and 10 min. FBS [1 % (v/v)] was used as a positive control. Following the stimulations, cells were harvested with mild trypsinization and washed with PBS, twice. Cells were loaded with PBS containing 5 μmol/l CM-H2DCFDA for 30 min at 37
• C, in a 5 % CO 2 environment. After loading, unincorporated dye was removed by washing twice with PBS. Fluorescence within dye-loaded cells was analysed by fluorimetry, with excitation detected at 485 nm and emission detected at 520 nm (Cary Eclipse).
Visualization of ROS generation by intact cells detected with the fluorescent dye DHE (dihydroethidium) and H2DCFDA
Generation of intracellular O 2
− in living cells was measured with the fluoroprobe DHE (excitation at 488 nm and emission at 610 nm; Molecular Probes) and CM-H2DCFDA (excitation at 485 nm and emission at 520 nm; Molecular Probes). Growth-arrested VSMCs from WKY rats were incubated in HBSS (Hanks balanced salt solution) containing 1.3 mmol/l CaCl 2 and 5.5 mmol/l glucose supplemented with 2 μmol/l DHE or 1 μmol/l DCFDA in a light-protected chamber at 37
• C, for 10 min. Cells were rinsed in HBSS, and images were obtained before and after cell exposure to 100 mmol/l ethanol. Cells were imaged on a wide field epifluorescence microscope equipped with a ×40 oil immersion lens using the Stallion live-cell Digital Hi-Speed Multi-Channel Imaging System (Zeiss). 
Detection of VSMC H
Measurement of [Ca
The selective fluorescent probe, fura 2/AM (fura 2 acetoxymethyl ester) (4 μmol/l) was used to measure [Ca 2+ ] i . VSMCs were loaded with fura 2/AM (1 mmol/l in 0.02 % pluronic F-127) and incubated for 30 min at 37
• C. [Ca 2+ ]i was measured in multiple cells simultaneously acquired by the Stallion Digital HiSpeed Multi-Channel Imaging System (Zeiss) using an emission wavelength of 510 nm and alternating excitatory wavelengths of 340 and 380 nm. Coverslips containing fura 2/AM-loaded cells were placed in a temperatureregulated (37
• C) chamber mounted on the stage of an inverted microscope and continuously superfused at 1 ml/min with Hanks buffer (in mmol/l, NaCl 137; KCl 5.4; NaHPO 3 
Drugs
The following drugs were used: phenylephrine hydrochloride, acetylcholine hydrochloride, verapamil, AH6809, indomethacin, catalase, tiron, l-NAME, 7-nitroindazole, 1400W, SC560 (Sigma), SQ29548 (Cayaman). AH6809, SQ29548, ODQ and indomethacin were prepared as stock solutions in DMSO. The other drugs were dissolved in distilled water. The bath concentration of DMSO did not exceed 0.5 %, which was shown to have no effects on the basal tonus of the preparations or on ethanol-mediated contraction.
Data analysis
Concentration-response curves were fitted using a nonlinear interactive fitting program (Graph Pad Prism 3.0). The potency and maximum response are expressed as pD 2 (negative logarithm of the molar concentration of agonist producing 50 % of the maximum response) and E max (maximum effect elicited by ethanol) respectively. Statistically significant differences were calculated by Student's t test or one-way ANOVA, followed by Bonferroni's multiple comparison test. P < 0.05 was considered as statistically significant.
RESULTS
Effects of ethanol on vascular reactivity
Cumulative concentrations of ethanol induced contraction of both endothelium-intact and endotheliumdenuded rat aortic rings in a concentration-dependent manner. The contraction induced by ethanol returned to baseline values after washing the rings with After reaching the maximal contraction induced by ethanol, the rings were washed (W) with Krebs solution and returned to baseline levels.
Krebs solution (Figure 1) . Removal of functional endothelium increased E max values (8.1 + − 0.5 mN, n = 9) when compared with intact rings (4.0 + − 0.4 mN, n = 10). Similarly, differences in pD 2 values between denuded (0.71 + − 0.06) and intact rings (0.49 + − 0.02) were found (P < 0.05, Student's t test). The contraction induced by phenylephrine in endothelium-intact and denuded rings was significantly different (12.9 + − 0.7 mN, n = 8 and 18.0 + − 1. 5, n = 6 respectively) from that found for ethanol in both endothelium-intact and denuded rings (4.0 + − 0.4 mN, n = 10 and 8.1 + − 0.5 mN, n = 9 respectively) (P < 0.05, ANOVA). Similarly, differences were found in pD 2 values for phenylephrine in intact and denuded rings (8.2 + − 0.1 and 8.6 + − 0.1 respectively) when compared with ethanol (0.49 + − 0.02 and 0.71 + − 0.06 respectively) (P < 0.05, ANOVA). l-NAME, 7-nitroindazole, oxyhaemoglobin and ODQ increase the contraction induced by ethanol in endothelium-intact but not -denuded rings. 1400 W and TEA did not affect ethanol-induced contraction in both endothelium-intact and -denuded rings (Figure 2 ; Table 1 ).
To investigate in greater detail the mechanisms underlying ethanol-induced contraction, endotheliumintact or -denuded rings were exposed to O 2 − and H 2 O 2 scavengers and COX pathway inhibitors. Tiron or catalase reduced ethanol-induced contraction to a similar extent. Combination of these two compounds showed no further suppression of ethanol-induced contraction ( Figure 3 ; Table 2 ). On the other hand, the E max values for phenylephrine in endothelium-intact and -denuded rings in the presence of tiron (14.7 + − 1.5 mN, n = 7 and 17.3 + − 1.4 mN, n = 5 respectively) or catalase (14.6 + − 0.8 mN, n = 8 and 17 + − 1.2 mN, n = 5 respectively) were not different from that found in the Figure 2 Effect of L-NAME, 7-nitroindazole, 1400 W, oxyhaemoglobin, ODQ and TEA on ethanol-induced contraction of endothelium-intact and -denuded aortic rings Concentration-response curves for ethanol were determined in endothelium-intact (E+) or -denuded (E−) aortic rings in the absence or after 30-min incubation with L-NAME (100 μmol/l), 7-nitroindazole (7-NI, 100 μmol/l), 1400W (1 μmol/l), oxyhaemoglobin (10 μmol/l), ODQ (1 μmol/l) and TEA (1mmol/l). *P < 0.05 compared with the control group with intact endothelium (ANOVA, followed by Bonferroni's multiple comparison test).
absence of the scavengers (12.9 + − 0.7 mN, n = 8 and 18.0 + − 1.5 mN, n = 6 respectively). Similarly, the pD 2 values for phenylephrine in endothelium-intact and -denuded rings in the presence of tiron (8.2 + − 0.15 and 8.7 + − 0.3 respectively) or catalase (8.3 + − 0.12 and 8.7 + − 0.2 respectively) were not different from that found in the absence of the scavengers (8.2 + − 0.1 and 8.6 + − 0.1 respectively). Indomethacin, SC560, AH6809 and SQ29548 also reduced the contraction induced by ethanol. Combination of AH6809 and SQ29548 did not completely abolish ethanol-induced contraction ( Figure 4 ; Table 2 ). Combination of indomethacin and tiron or indomethacin and catalase showed no further suppression of ethanol-induced contraction when compared with the effects of these drugs when added alone (Table 2) . Finally, the vasocontractile response induced by ethanol was reduced by verapamil ( Table 3) . 
Detection of O 2 − and H 2 O 2 in cultured VSMCs
Figure 3 Effect of tiron and catalase on ethanol-induced contraction of endothelium-intact and -denuded aortic rings
Concentration-response curves for ethanol were determined in endothelium-intact (E+) or -denuded (E−) aortic rings in the absence or after 30-min incubation with tiron (1 mmol/l), catalase (300 units/ml) or the association of these compounds. *P < 0.05 compared with the respective control group (ANOVA, followed by Bonferroni's multiple comparison test).
Measurement of [Ca
As show in Figure 6 , ethanol induced a transient increase in [Ca 2+ ] i , which was significantly inhibited in cells preexposed to tiron or indomethacin.
DISCUSSION
Major findings from the present study demonstrate that ROS scavenging and inhibition of COX attenuate ethanol-induced contraction and [Ca 2+ ] i increase in isolated rat aorta. These findings identify redoxsensitive and COX-dependent signalling as novel mechanisms underlying ethanol-induced vascular contraction.
However, it should be stressed that the ethanol-induced vascular contraction described here was observed with concentrations of ethanol above those required to produce intoxication in humans and as such may not necessarily reflect in vivo conditions. The reason for using such high concentrations of ethanol was to allow for pharmacological analysis of the data.
Ethanol treatment of vessel segments resulted in an endothelium-independent contraction of isolated rat aortic rings. This observation is in accordance with previous findings describing that ethanol-induced contraction in vascular tissues is a result of direct actions on smooth muscle cells [22, 23] . Interestingly, removal of the endothelium significantly enhanced ethanolmediated vasoconstriction, further suggesting that the endothelium counteracts the contraction induced by this compound. The contraction induced by ethanol was approximately 31 % and 45 % of the contractile response induced by phenylephrine in endotheliumintact and denuded rings respectively. Ethanol-induced contraction in endothelium-intact rings was increased by l-NAME, 7-nitroindazole, ODQ and oxyhaemoglobin, further indicating that the NO/cGMP pathway plays a role in the counteracting effect mediated by endothelial cells on ethanol-induced contraction.
Ethanol induces oxidative stress in rat tissues [10, 11] , which is associated with enhanced production of ROS such as O 2 − and H 2 O 2 [16, 24] . This prompted the investigation of the role of oxygen-derived free radicals in the contraction induced by ethanol. The present functional studies demonstrate that O 2 − scavenging reduced endothelium-independent response to ethanol. Indeed, ethanol, at a concentration that induced submaximal contractions in the functional studies, induced O 2 − generation in VSMCs. These observations support the concept that the O 2 − contributes to ethanolinduced endothelium-independent contractions. O 2 − can act either as a vascular signalling molecule or as an oxidizing agent. This highly unstable molecule is reduced by superoxide dismutase to H 2 O 2 [9] , which is implicated in the regulation of signalling pathways that lead to vascular contraction [15, 16, 25] . We observed that ethanol increased H 2 O 2 levels in VSMCs. Moreover, we also showed that catalase, a scavenger of H 2 O 2 , blunted ethanol-mediated contraction. Taken together, these findings support a key role for H 2 O 2 in the vasonconstrictor response induced by ethanol and suggest that ROS generation may act as a second messenger that activates pathways associated with vascular contraction. In fact, previous studies have demonstrated that antioxidants such as vitamin E attenuate ethanol-induced contractions and accumulation of [Ca 2+ ] i [13, 14, 26] . It is important to note that the inhibitory action of tiron and catalase on ethanol-induced contraction is not the result of a non-specific inhibitory effect upon vascular contraction since the contractile response induced by phenylephrine was not affected by these scavengers.
It was previously reported that ethanol increased aortic basal release of TXB 2 , a stable metabolite of TXA 2 [17] . Our functional results with indomethacin and SC560 suggest that prostanoids derived from the arachidonic acid/COX-1 pathway mediate endothelium-independent contraction induced by ethanol. In order to evaluate which prostanoid(s) are involved in ethanol-induced vasoconstriction the effects of PGF 2α and PGH 2 /TXA 2 receptor antagonists were assessed. These compounds reduced the contraction of aorta induced by ethanol, suggesting that PGF 2α and PGH 2 /TXA 2 modulate this effect.
O 2
− induces the release of PGF 2α and TXA 2 in isolated perfused hearts, coronary [27, 28] and cerebral circulation [29] . PGF 2α and TXA 2 induce a variety of signal transduction mechanisms, including increases in [Ca 2+ ] i and contraction [30] . Earlier studies carried out in rabbit aorta and canine basilar artery suggest that O 2 − elicits constriction through activation of TXA 2 receptor (TP)-dependent mechanisms [15, 31] . Moreover, in rat aorta, H 2 O 2 -induced contraction is mediated by generation of a product of the COX pathway, most likely TXA 2 [15, 16] . Thus, it has been suggested that ROS, through the release of vasoconstrictor prostanoids, mediate vascular contraction. Our functional studies further support the idea that ROS are involved in prostanoid-mediated contraction. We demonstrated that alone, tiron and indomethacin reduced ethanol-induced vasoconstriction. Combination of these two drugs showed no additional effect. It should also be noted that tiron and indomethacin combined did not completely abolish ethanol-induced contraction, indicating that this response may involve other factors and/or activation of pathways that are not associated with ROS generation or COX metabolites. Our findings suggest that ethanol increases the production of ROS, which in turn leads to the generation of vasoconstrictor prostanoids such as TXA 2 and PGF 2α .
Ethanol increases cytosolic free Ca 2+ as a result of both membrane entry, via L-type Ca 2+ channels, and intracellular release from the sarcoplasmic and endoplasm reticulum [4, 22, 23] Several previous studies examined effects of ethanol on cell biology at non-physiological concentrations [12] [13] [14] . Here contractile actions of ethanol were examined using pharmacological concentrations of ethanol, higher then those described in the bloodstream of humans after ethanol ingestion [19] . This strategy was used to induce an increase in tension that would allow us to investigate some intracellular pathways underlying the contractile response induced by ethanol. The high levels of ethanol employed in the present study would not be sustainable chronically and probably do not explain the chronic pathophysiology of ethanol. Ethanol intake constitutes an important cardiovascular risk factor in the general population, and increased prevalence of hypertension has been shown in heavy drinkers [33] . Direct contractile responses induced by ethanol as well as a myogenic mechanism involving alteration of contractile properties of VSMC contribute to the enhanced blood pressure associated with ethanol consumption [2, 6, 18] .
Some limitations of the study need to be recognized. The concentration of ethanol that caused significant constriction was in the range 100-800 mmol/l, and this limits the physiological interpretation of the data, since this is a high pharmacological concentration, usually not encountered in humans. On the other hand, it is known that physiological amounts of ethanol cause regional vasoconstriction in vivo and constricts some blood vessels in vitro. It is important to note that the mechanism of vasoconstriction of the aorta and small arteries that constrict to physiological concentrations of ethanol share some intracellular signalling pathways, such as increase of [Ca 2+ ] i . However, data from our study identified a novel signalling pathway whereby ethanol, through the generation of ROS and prostanoids, and increase of [Ca 2+ ] i , mediate vasoconstriction. These findings are important because they may be used as a model to explain some molecular mechanisms underlying ethanol-induced contraction.
In summary, ethanol-induced contraction and VSMC Ca 2+ signalling are attenuated by ROS scavengers and COX inhibitors. These results support the importance of ROS and COX pathways in ethanol-associated vascular smooth muscle contraction and increase of [Ca 2+ ] i . Moreover, the present data suggest that ethanol stimulates ROS generation, which in turn may lead to production of vasoconstrictor prostanoids. Our findings identify a novel signalling pathway whereby ethanol, through the generation of ROS and prostanoids, mediate vasoconstriction. Although these results shed light on putative molecular mechanisms whereby ethanol mediates contraction, they cannot be extrapolated to in vivo conditions because the concentrations used here are pharmacological. Our model needs to be tested in in vivo conditions, where ethanol concentrations are in the (patho)physiological range. 
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